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1.  Summary  of  Work 

Two  aviation  working  fluids,  PAO  and  FC-72,  were  exposed  to  pulsed  high  voltage  for  200  hours 
in  a  simulation  of  electrohydrodynamic  heat  transfer  enhancement.  The  fluids  were  analyzed  for 
changes  in  chemical,  physical  and  electrical  properties.  The  electrode  surfaces  were  also 
analyzed  for  any  observed  buildup.  No  bulk  fluid  chemical  or  physical  property  changes  were 
observed.  There  was  a  change  in  the  electrical  properties  of  PAO,  as  well  as  noticeable  buildup 
on  the  electrode  surfaces.  This  buildup  was  attributed  to  electrically  induced  oxidation  reactions. 
The  change  in  electrical  properties  could  have  been  due  to  variations  in  moisture  content,  a 
variable  that  was  not  tightly  controlled.  Implications  for  the  design  and  application  of  an  EHD- 
enhanced  thermal  management  system  are  discussed. 

This  work  is  part  of  a  larger  study  investigating  the  application  of  electrohydrodynamic 
enhancement  to  aircraft  systems.  The  effort  includes  parametric  testing  to  determine  the  impact 
of  various  operating  variables  on  the  fluid  physics  and  heat  transfer  behavior.  The  parametric 
data  combined  with  transient  testing  data  will  enable  the  design  of  a  control  system  for  a  “smart” 
EHD-enhanced  thermal  management  system  in  which  heat  transfer  can  be  actively  modified. 


2.  Background 

2.1  General  Background  on  EHD  Enhancement 

Electrohydrodynamic  (EHD)  enhancement  is  a  promising  technique  for  making  large 
improvements  in  heat  transfer,  particularly  in  single-phase  liquids  or  gases,  which  are  typically 
act  as  dominant  heat  transfer  resistances.  Application  of  an  intense  (kV/cm)  electrical  field  to  a 
low  conductivity  (typically  nS/m)  liquid  will  generate  secondary  motion  in  the  fluid  (Fernandez 
andPoulter,  1987).  The  resulting  secondary  flow  yields  an  increase  in  heat  transfer.  This 
increase  in  heat  transfer  can  then  be  exploited  to  reduce  heat  exchanger  surface  area  and  volume. 

The  electrical  body  force  is  defined  as  (Chu,  1959): 

F,.p,E-\E’Vs*Vi\pE\^)r)  (I) 

2  2  dp 


In  this  equation,  the  first  term  represents  the  Coulomb  force  resulting  fi-om  free  charge  in  the 
fluid.  This  free  charge  results  from  electrochemical  reactions  at  the  fluid-electrode  interface, 
referred  to  as  charge  injection,  thermally  induced  electrical  conductivity  gradients,  or  the 
dissociation  of  trace  impurities  in  the  fluid  bulk.  The  second  term  is  called  the  dielectrophoretic 
force  and  accounts  for  spatial  variations  in  the  electric  permittivity  due  to  polarization  or  phase 
change.  The  last  term  is  the  electrostriction  term  and  accounts  for  variations  in  the  electric  field 
and  permittivity  with  density.  Electrostriction  is  the  principle  by  which  piezoelectric  materials 
operate.  In  air  or  a  single-phase  liquid,  the  dielectrophoretic  and  electrostrictive  contributions  are 
negligible  when  compared  to  the  Coulomb  force. 

There  have  been  numerous  studies  documenting  the  heat  transfer  augmentation  performance  of 
EHD  (Jones,  1978).  Some  of  these  studies  have  been  summarized  in  Tables  1  and  2  below.  In  all 
of  the  cases,  enhancement  has  been  significant  and  generally  pressure  drops  have  been  relatively 
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low  in  comparison  to  other  augmentation  techniques.  EHD  is  also  promising  since  it  an  actively 
controllable  enhancement,  allowing  heat  transfer  to  be  improved  on  an  “on-demand”  basis.  This 
type  of  application  is  particularly  useful  for  systems  where  large  pulses  in  heat  load  are  observed 
and  typically  result  in  oversized  thermal  management  hardware. 


Table  1:  Representative  EHD  enhancements  in  air 


Source 

Confieuration 

Re 

Enhancement 

Pressure  Dron 

Ohadietal.,  1991 

Shell-tube 

Tube  =  2000, 
Shell  =  500 

322%  increase  in  U 

AP/APo=1.75 

Blanford  et  al., 

1995 

Tube-plate  fin,  air- 
side  enhanced 

1000  to  3000 

U/Uo  =  1.9  to  3.3 

Not  measured 

Velkoff,  1979 

Parallel  wires,  free 
stream  over  flat 
plate 

V  =  0  to  47.5 
fps 

Nu/Nuo  =  3.75atV 
=  4.6  fps 

Not  measured 

Bradley  and 

Hoburg,  1985 

Rectangular  channel 
with  nickel  mesh 

540,  750, 

875 

40%  improvement  in 
h 

Not  measured 

Robinson,  1970 

Heated,  charged 
wire  with  coaxial 
pipe 

92  ft/s 

10%  improvement  in 
h 

Not  measured 

Ohadi  et  al.,  1991 

Concentric  wire- 
cylinder,  single  and 
double  wire 
configurations 

0  to  15000 

215%  improvement 
in  h  for  single  wire 
at  Re  =  2000 

260%  increase  in  h 
for  double  wire  at 

Re  =  3000 

Not  measured 

Tada  et  al.,  1997 

Parallel  plates  with 
centered  wire 

1200, 2400, 
3950 

300%  increase  in  h 

70%  increase  in 
pumping  power 

Moss  and  Grey, 

1966 

Concentric  wire- 
cylinder 

0  to  10000 

100%  increase  in  h 
at  Re  =  1000 

Not  measured 

Table  2:  Representative  EHD  enhancements  in  single-phase  liquids 


Source 

Configuration 

Fluid  Used 

Re 

Enhancement 

Fernandez  and 

Poulter,  1987 

Concentric  wire- 
cylinder 

transformer  oil 

150 

Nu/Nu„  =  20 

AP/APo  =3 

Fujino  et  al.,  1989 

Parallel  Plates 

R113  (liquid 
phase) 

191 

Nu/Nuo  =  4 

AP/APo=1.5 

Perez  et  al.,  1987 

Not  meas. 

Poulter  and  Miller, 

1984 

Concentric  wire- 
cylinder 

Aviation  fuel 
(Avtur) 

500- 

2500 

Nu/Nu„  =  10 

Not  meas. 

However,  the  impact  of  EHD  exposure  on  the  fluid  properties  or  chemical  composition  have  not 
been  well-investigated.  As  discussed  above,  free  charge  from  electrochemical  reactions  at  the 
electrode  surfaces  or  dissociation  of  impurities  in  the  fluid  bulk  will  have  a  direct  impact  on  the 
electrical  body  force  and  therefore  the  heat  transfer  enhancement.  It  is  possible  that  the  chemistry 
behind  these  sources  of  free  charge  could  change  over  time  due  to  prolonged  high  voltage 
exposure.  There  has  been  little  research  on  the  effect  of  prolonged  high  voltage  exposure  on  heat 
transfer  working  fluids,  and  none  on  fluids  of  aviation  interest. 

Unfortunately,  surface  chemistry  and  electrochemistry  are  sciences  in  their  analytical  infancy.  It 
is  not  possible  with  state-of-the-art  computational  chemistry  to  accurately  predict  metal-fluid 
electrochemical  interactions.  Even  the  experimental  investigation  of  reaction  kinetics  or 
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product/reactant  identification  is  a  difficult  task  (Bockris,  1993).  For  EHD  flows  in  particular, 
the  trace  level  impurities  (in  the  ppm  to  ppb  range)  in  the  fluid  and  on  the  metal  surface  (which 
profoundly  impact  system  behavior),  are  difficult  and  highly  expensive  to  identify  and 
characterize.  TTierefore,  this  work  and  others  on  EHD  exposure  effects  are  largely  empirical. 

2.2  Prior  Research  on  EEQ)  Exposure  Impact  on  Fluid  Properties 
There  are  a  small  number  of  published  worlra  investigating  the  exposure  effects  of  EHD  on 
working  fluids.  Seyed-Yagoobi  et  al.  (1984)  reported  the  removal  of  impurities  and  a  drop  in  the 
fluid  conductivity  as  a  result  of  exposure  to  both  AC  and  DC  electric  fields  in  transformer  oil. 
Yamashita  and  Yabe  (1997)  conducted  the  most  thorough  test  of  fluid  exposure,  using  a  EHD- 
enhanced  refiigerant  R-123  (CHCI2CF3)  evaporator  with  a  steady  20  kV  voltage  for  1000  hours. 
They  analyzed  both  the  working  fluid  and  the  electrode  and  heat  exchange  surfaces.  A  thin  gray- 
black  film  deposited  on  the  electrode  and  heat  transfer  surfaces  was  determined  to  be  primarily 
carbon  with  trace  amounts  of  aluminum,  silicon  and  oxygen  using  Auger  spectroscopy  and  XPS. 
They  concluded  that  the  carbon  was  the  product  of  localized  R-123  breakdown  and  the  inorganic 
materials  originated  in  the  desiccant  used  in  their  test.  Like  Seyed-Yagoobi,  they  also  reported 
improvements  in  the  fluid  purity  and  electrical  properties,  seeing  an  order  of  magnitude  decrease 
in  the  fluid  electrical  conductivity. 

Seyed-Yagoobi  (1999)  recently  performed  a  continuous  six-month  exposure  test  with  an  EHD- 
enhanced  condenser  (using  R-123)  and  monitored  both  enhancement  performance  and  chemical 
composition  using  mass  spectrometry.  The  heat  transfer  performance  varied  with  time. 

However,  no  chemical  changes  were  observed  in  samples  of  the  working  fluid. 

In  a  high-voltage  metal  electrode/dielectric  fluid  system,  some  ionization  or  electrochemistry 
might  be  expected.  Ion  injection  in  dielectric  liquids  using  a  variety  of  electrode  materials  and 
configurations  has  been  investigated  and  reported  in  the  literature  for  nearly  thirty  years.  (Denat 
et  al.  (1979)  and  Alj  (1985)).  The  low  concentrations  of  ions  present  in  the  fluid  would  be 
unlikely  to  cause  bulk  chemical  changes. 

Although  electrochemical  changes  in  the  bulk  of  the  fluid  are  unlikely,  it  is  quite  possible  that  the 
local  electric  fields  around  a  narrow  wire  can  reach  strengths  that  may  induce  local  oxidation  or 
reduction  of  the  working  fluid,  forming  an  oxide  layer.  This  buildup  could  be  expected  to  impact 
the  charge  injection  behavior  or  the  transient  current  behavior,  which  would  be  of  interest  in  a 
pulsed  EHD  system  (Zahn,  1998).  Work  conducted  by  AFRLWACM  has  shown  that  transient 
current  and  heat  transfer  performance  are  directly  correlated. 

The  objective  of  this  work  was  to  investigate  the  impact  of  pulsed  EHD  exposure  on  two  fluids  of 
interest  for  aviation  systems.  No  prior  work  has  investigated  either  the  effect  of  pulsed  exposure 
or  aviation  fluids.  The  high  voltage  was  pulsed  in  order  to  simulate  an  “on-demand”  EHD  system 
which  would  allow  selective  application  of  enhancement.  This  type  of  system  could  be  useful  for 
a  mission  profile  with  large  “spikes”  in  heat  load. 


3.  Experimental 

Two  working  fluids  were  selected  for  exposure  testing,  hydrogenated  polyalphaolefin  decene 
dimer  (PAO)  and  FC-72.  PAO  is  a  widely  used  avionics  coolant  that  is  both  chemically  inert  and 
electrically  insulative.  PAOs  in  general  are  a  blend  of  various  olefins  that  vary  in  molecular 
weight  with  viscosity  grade.  For  this  test,  ROYCO  602  2cSt  PAO  conforming  to  MIL-PRF 
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87252  was  used  which  contains  many  isomers  of  twenty  carbon  hydrocarbons.  This  PAO  also 
contains  a  phenolic  antioxidant  additive  (~  0.5%  by  weight)  that  gives  the  fluid  a  pale  yellow 
color.  FC-72  is  the  3M  trade  name  for  perfluorohexane.  FC-72  is  not  used  in  operational  aircraft, 
but  is  a  superior  two-phase  heat  transfer  fluid  and  liquid  dielectric,  and  was  tested  as  a  potential 
future  heat  transfer  fluid.  FC-72  has  exceptional  electrical  properties  and  low  solubility  for  polar 
contaminants  that  make  it  attractive  for  EHD  use. 

This  test  simulated  representative  flow  conditions  that  would  be  expected  on  a  typical  aircraft 
environmental  control  system.  The  system  was  run  at  isothermal  conditions  in  order  to  simplify 
the  experiment.  Thermal  breakdown  of  either  fluid  does  not  occur  at  typical  operating 
temperatures  on  the  order  of  40°C.  The  voltage  was  pulsed  for  30  seconds  on/off  since  the 
application  of  “on-demand”  cooling  would  be  on  the  order  of  30  seconds  to  several  minutes, 
depending  on  the  subsystem  needing  cooling.  A  constant  DC  voltage  was  used  to  simulate 
repeated  enhancement  for  a  given  subsystem.  A  voltage  of  lOkV  was  used  throughout  the  test.  In 
actual  EHD  heat  exchanger  operation,  applied  voltages  might  be  higher. 

In  the  test  loop,  both  working  fluids  were  circulated  at  lower  flowrates  than  typically  seen  on 
actual  units  in  order  to  increase  the  residence  time  in  the  specimen  and  enhance  the  likelihood  of 
electrical  interaction. 

The  test  loop  was  constructed  as  shown  in  Figure  1 .  The  system  consisted  of  a  NESLAB  HX-500 
fluid  refigeration  unit,  an  EHD  test  specimen  connected  to  a  Glassman  40  kV,  50  mA  high 
voltage  power  supply  (HVPS),  an  EG&G  turbine  flowmeter,  and  a  Dopak  in-line  fluid  sampling 
valve.  All  plumbing  consisted  of  3 16  stainless  steel.  The  HVPS  was  controlled  using  a  Hewlett- 
Packard  0-10  V  low  voltage  power  supply  connected  to  a  National  Instruments  GPIB  controller 
card  in  a  Pentium  PC.  A  custom  Visual  BASIC  program  was  used  to  control  the  operation  of  the 
power  supply.  Voltage  on  and  off  times  and  voltage  magnitude  could  be  specified  using  the 
software.  Voltages  and  currents  were  obtained  from  the  HVPS  display.  Currents  were  typically 
unmeasurable  (<0.01  mA).  The  turbine  flowmeter  was  connected  to  an  EG&G  FC-70  flow 
computer  which  was  programmed  to  compensate  for  the  differences  in  viscosity  between  FC-72 
and  PAO.  A  desiccant  filter  was  not  used  since  typical  aircraft  cooling  loops  do  not  have  one  in¬ 
line. 

Figure  1  :  Test  Loop  Schematic 


NESLAB  HX.SSS  (FLUID  RESERVOIR. 
TEMPERATURE  CONTROLLER  AND  PUMP) 


*  SAMPLING  VALVE 


^FLOW  DIRECTION 
TO  VACUUM  PUMP 


H.V. 
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Two  test  specimens  were  used.  For  the  first  2000  cycles  of  the  FC-72  test,  a  channel  specimen 
(test  specimen  A)  shown  in  Figure  2  was  used.  This  specimen  was  used  in  previous  work  and 
repaired  for  use  in  this  test.  The  replacement  of  the  original  borosilicate  glass  windows  with 
polycarbonate  ones  and  the  use  of  silicone  sealant  in  place  of  the  original  Teflon  seals  caused 
fluid  compatibility  problems.  The  specimen  was  replaced  with  a  316  stainless  steel  wire-cylinder 
design  (test  specimen  B)  shown  in  Figure  3.  This  specimen  was  used  for  the  remainder  of  the 
testing. 

Figure  2:  Test  Specimen  A 


Test  Specimen  1:  Channel  Flow  Design 


A.  STAINLESS  STEEL  MANIFOLD/FRAME 

B.  ALUMINUM  PLATES  WITH  SILICONE  SEAL 

C.  SIGHT  GLASS  (LEXAN) 

D.  CERAMIC  PIECES  WITH  THIN  SILVER  FILM  ELECTRODE  AND  GROUND 


Figure  3:  Test  Specimen  B 


316SS  Cylinder 
11.7mm  Diam. 
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A  summary  of  the  experimental  conditions  for  each  of  the  working  fluids  is  given  in  Table  3. 


Table  S:  Summary  of  Experimental  Conditions 


Fluid 

Voltage  and 
Frequency 

Flowrate  (Reynolds 
No.) 

Total  No.  exposure 
cycles/time 

Temperature 

FC-72 

10  kV,  30  sec  on/off 
square  wave 

0.30  ±  0.01  gpm 

Re -223 
(specimen  A) 

Re  =  151 
(specimen  B) 

10,834  (with  1994  using 
specimen  A) 

173  hours 

20°C±  l^C 

PAO 

0 

0.40  ±  0.01  gpm 

Re  =10 

200  hours 

30*0  ±rc 

PAO 

10  kV,  1  Hz  square 
wave 

0.40  ±  0.01  gpm 

Re  =10 

11,939 

198  hours 

3o°c±rc 

Fluid  samples  were  taken  at  the  end  of  each  five  day  working  period  for  a  total  period  of  20  days. 
For  FC-72,  only  four  samples  were  taken.  Samples  were  dispensed  into  chemically  cleaned 
sample  bottles  and  sent  to  two  laboratories  for  further  analysis.  Phoenix  Chemical  Laboratories 
(Chicago,  Illinois)  performed  a  series  of  ASTM  tests  to  examine  changes  in  bulk  physical  and 
electrical  properties  as  well  as  infrared  (IR)  absorption  spectroscopy  and  to  examine  chemical 
changes.  The  infi'ared  analysis  used  a  variable  thickness  thin  film  between  potassium  bromide 
plates.  Phoenix  also  used  atomic  absorption  to  determine  the  metal  content.  The  tests  performed 
by  Phoenix  were  conducted  on  the  initial  and  final  samples  from  the  test  loop.  All  samples, 
including  ones  of  virgin  material  not  exposed  to  the  test  loop,  were  analyzed  using  gas 
chromatography,  performed  by  the  AFRL  Materials  Directorate  (AFRL/MLBT).  A  HP6890  gas 
chromatograph  with  a  FID  was  used  to  qualitatively  analyze  chemical  changes  in  the  working 
fluids.  Table  4  summarizes  the  tests  used,  and  estimated  uncertainties  in  the  results.  Detailed 
descriptions  of  the  test  methodologies  are  given  in  the  Annual  Book  of  ASTM  standards  (1999). 


Table  4:  Summary  of  Fluid  Analysis  Tests  Performed 


Test 

Description 

Details 

Uncertainty 

ASTM  D2624 

Electrical 

Conductivity 

±  1  pS/m  for  conductivity  <20 
pS/m  (FC-72) 

±  20  pS/m  for  200-500pS/m 

ASTM  D877 

Dielectric  Strength 

Tested  at  room  temp. 

o/mean  <0.1  for  consistency 
“pass” 

ASTM  D2717 

Thermal 

Conductivity 

Tested  at  30'’C 

±5% 

ASTM  D445 

Kinematic 

Viscosity 

Tested  at  40°C  (FC-72)  at 

30°C  (PAO) 

±5% 

ASTMD2766 

Specific  Heat 

Tested  over  range  of  20°C  to 
50°C  (FC-72) 

Tested  at  30‘’C  (PAO) 

±  5%  (5-point) 

±  10%  (single  point) 

Metals  Content 

Atomic  Absorption 

Ag  (FC-72)  Cr,  Fe  (PAO) 

±  10% 

IR  spectroscopy 

Thin  film  w.  KBr  plates 

N/A 

Gas 

chromatography 

FED,  sub-ambient  cryogenic 
method 

±0.1% 

The  tests  were  chosen  to  examine  the  effects,  if  any,  on  the  chemical,  electrical,  and  thermal 
properties  of  the  fluid.  Differences  in  GC  chromatograms  and  IR  spectra  would  indicate 


6 


chemical  changes  or  breakdown,  which  could  then  be  linked  to  differences  in  the  bulk  properties 
determined  using  the  standardized  ASTM  test  methods.  The  three  thermal  property  tests  were 
chosen  to  examine  to  possible  effects  on  heat  transfer  properties  due  to  electrically  induced 
chemical  changes.  Metals  content  testing  was  used  to  determine  if  any  charged  electrode 
material-fluid  interactions  had  occurred.  The  original  specimen  used  a  silver  electrode,  while  the 
replacement  used  a  304  stainless  steel  electrode,  an  alloy  consisting  primarily  of  chromium  and 
iron. 

After  completion  of  the  20  days  of  testing  with  FC-72,  the  test  loop  was  drained,  flushed  with 
isopropyl  alcohol  and  PAO,  and  then  refilled.  The  PAO  was  then  exposed  to  the  high  voltage  for 
20  days  with  samples  taken  as  described  before. 

A  “control”  test  was  completed  to  determine  if  any  of  the  changes  in  PAO  properties  were  due  to 
exposure  to  the  test  loop  and  not  due  to  electrical  exposure.  The  loop  was  drained,  but  not 
flushed  with  any  solvent  prior  to  this  test.  The  test  was  run  for  a  total  of  200  hours  with  the 
samples  taken  every  50  hours.  Upon  completion  of  this  control  test,  the  loop  and  test  specimen 
were  disassembled  and  examined.  The  wire  within  the  specimen  (see  specimen  B,  Figure  3)  was 
sent  to  AFRL/MLBT  for  analysis  of  surface  buildup  using  supercritical  fluid  (SFC)  and  gas 
chromatography. 


4.  Results  and  Discussion 


4.1  Bulk  Property  Analysis 

Figure  4  is  a  series  of  gas  chromatograms  for  FC-72.  The  series  shows  that  no  changes  occurred 
in  the  chemical  composition  as  a  result  of  the  exposure.  The  fluid  purity  decreased  from  96%  to 
94%  after  being  taken  from  the  manufacturer’s  drum  and  loaded  into  the  test  loop.  Each  of  the 
four  samples  show  no  significant  differences  in  composition,  thus  the  fluid  remained  unchanged 
chemically.  The  IR  spectra  for  the  FC-72  samples  are  shown  in  Figure  5.  The  differences  in  the 
spectra  are  an  artifact  of  the  test  method  used.  The  percent  transmission  is  a  function  of  the 
variable  film  thickness,  so  only  characteristic  peaks  can  be  compared.  The  only  true  difference  is 
a  small  peak  at  3700  cm"',  which  is  due  to  a  trace  amount  of  water  introduced  into  the  loop.  The 
peak  at  approximately  2400  cm'*  in  the  zero  exposure  sample  spectrum  is  an  overtone  of  the  high 
absorbance  at  approximately  1200  cm''.  The  same  peak  can  be  seen  in  the  post-exposure  data, 
but  due  to  the  differences  in  film  thickness  the  overtone  is  not  as  pronounced. 
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FC-72  Gas  Chromatography  Results 


Figure  4:  FC-72  Gas  Chromatography  Results 


MLO  98-41  (t  ■  10,834  cycles) 


FC-72  IR  Spectroscopy  results 


After 


The  lack  of  chemical  change  is  in  agreement  with  the  absence  of  bulk  property  changes,  as 
summarized  in  Table  5. 


Table  5:  FC-72  Exposure  Results 


Test 

Mfr’s  Data 
(3M) 

(typical) 

Before 

0  cycles 

After  (10,834 
cycles) 

Notes 

Electrical  conductivity 

1.0  pS/m 

<1  pS/m 

<  1  pS/m 

Below  minimum 
threshold  of  test 

Dielectric  Strength  (unfiltered), 
kV 

(1”  gap) 

N/A 

40.2* 

46.9±2.8 

*=  did  not  meet 
statistical  consistency 
criterion 

Dielectric  Strength  (filtered), 
kV(l”gap) 

38 

45.2±2.6 

Silver,  ppm 

N/A 

<0.001 

<0.001 

Viscosity,  @  40°C  ,  cSt 

0.35 

0.36 

0.36 

Thermal  Conductivity,  cal/sec 
(cm^)  (oC/cm)  @  30°C  (xlOES) 

13.6 

19.3 

19.1 

Specific  Heat  (cal/g  °C) 

@20°C 

0.250 

0.262 

0.244 

±5%  uncertainty 

@30°C 

0.252 

0.267 

0.250 

@40'>C 

0.256 

@50°C 

0.260 

Q.m 

0.262 

All  of  the  base  case,  “no  EHD”  exposure  values  closely  agree  with  manufacturer’s  data.  The 
results  of  the  dielectric  strength  testing  on  the  unfiltered  samples  suggest  that  the  fluid  may  have 
been  purified  slightly  by  the  electric  field.  The  non-exposed  unfiltered  fluid  was  too  contaminated 
to  obtain  a  statistically  meaningful  measurement,  but  the  unfiltered  exposed  fluid  dielectric 
strength  was  clean  enough  to  be  measurable  and  identical  to  that  of  the  filtered  exposed  fluid. 

As  with  FC-72,  the  PAO  GC  results  (Figure  6)  show  no  significant  chemical  changes.  Figure  7 
shows  the  PAO  IR  spectra  and  as  with  the  FC-72,  the  spectra  are  identical  except  for  the 
absorbance  variation.  Again,  this  is  an  artifact  of  the  test  method  used  as  described  earlier. 
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PAO  Gas  Chromatography  Results 


Figure  6:  PAO  Gas  Chromatography  Results 


HP  6890  5/21/98  1:03:16  PM  OiXie  bCO^ 


Figure  7:  PAO IR  Spectra 


Before 


■  a  at  sa  a*  mmibiwso 


PAO  IR  Spectroscopy  results 


After 


There  are  substantial  changes  in  the  electrical  properties  as  shown  in  Table  6.  There  is  a  50% 
reduction  of  the  dielectric  strength  and  a  67%  increase  in  the  fluid  electrical  conductivity.  Since 
the  chromium  content  is  below  the  detection  level,  there  is  essentially  no  correlation  between  the 
change  in  electrical  properties  and  the  metal  content.  The  decrease  in  dielectric  strength  and 
conductivity  after  exposure  and  filtering  suggests  that  the  source  of  contamination  is  not  a 
conductive  particulate. 


Table  6:  PAO  Exposure  Results 


Test 

Mff’s 

Data 

Before  0 
cycles 

After  (11,939 
cycles) 

Notes 

Electrical  conductivity 

100 

pS/m 

270  pS/m 

450  pS/m 

Dielectric  Strength 
(unfiltered),  kV  (T’gap) 

N/A 

22.6  ±  6.23* 

29.1  +  4.08* 

*  ==  did  not  meet  statistical 
consistency  criterion 

Dielectric  Strength  (filtered) 
kV(l”gap) 

35 

46.6  ±1.69 

26.8  ±  3.68 

Chromium,  ppm 

N/A 

<0.003 

<0.01 

Iron,  ppm 

N/A 

0.30 

0.29 

Viscosity,  40°C ,  cSt 

7.5 

7.49 

7.35 

Thermal  Conductivity 
cal/sec(cm^)('’C/cm)  SO-’C, 
(xlOE5) 

33.9 

32.0 

32.6 

Specific  Heat  (cal/g  °C)  @ 
30°C 

0.53 

0.487 

0.486 

±10%  uncertainty 
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The  PAO  control  test  results  are  given  in  Table  7.  The  fluid  conductivity  values  are  significantly 
different  than  those  obtained  from  the  exposed  samples.  This  variation  in  conductivity  could  be 
due  to  batch  to  batch  variation  in  the  product  (two  different  drums  of  the  same  product  from  the 
same  manufacturer  were  used),  specimen  changes  during  shipping  to  the  laboratory,  or  inherent 
reproducibility  in  low  conductivity  measurement.  There  is  no  change  in  the  chromium  content 
and  an  increase  in  iron  content.  For  the  control,  copper  content  was  also  measured  and  this  value 
decreased  after  200  hours  of  exposure.  Although  there  are  changes  in  the  fluid  properties,  these 
changes  are  substantially  different  than  those  observed  due  to  the  electrical  exposure. 


Table  5:  PAO  Control  Test  Results 


Test 

Mfr’s 

Data 

Before  0 
hrs 

After  (200 
hrs) 

Notes 

Electrical  conductivity 

lOOpS/m 

90  pS/m 

60  pS/m 

Dielectric  Strength  (unfiltered), 
kV(l”gap) 

N/A 

29.8* 

47.2 

*  =  did  not  meet  statistical 
consistency  criterion 

Dielectric  Strength  (filtered) 
kV  (1”  gap) 

35 

50.6 

52.8 

Chromium,  ppm 

N/A 

<0.002 

<0.002 

Iron,  ppm 

N/A 

0.12 

0.18 

Copper,  ppm 

N/A 

0.91 

0.51 

Viscosity,  40°C ,  cSt 

7.49 

7.35 

Thermal  Conductivity 
cal/sec(cm^)(°C/cm)  30°C, 
(xlOES) 

33.9 

32.0 

32.6 

Specific  Heat  (cal/g  °C)  @ 

SO^C 

0.486 

±10%  uncertainty 

A  likely  cause  of  the  variation  in  electrical  properties  is  the  fluid  water  content.  Since  a  desiccant 
was  not  used  in  the  test  loop,  fluid  water  content  could  have  been  considerable.  PAO  has  a  water 
solubility  of  approximately  150  ppm,  which  could  be  responsible  for  the  large  variations  in  the 
electrical  conductivity  and  the  dielectric  strength.  Since  there  is  no  clear  correlation  between  the 
content  of  any  of  the  metals  checked  for  and  the  electrical  properties  and  water  content  was  not 
measured,  there  can  be  no  conclusive  discussion  of  this  variable  in  this  work. 

4.2  Surface  Analysis 

Disassembly  of  the  specimen  after  PAO  EHD  exposure  testing  revealed  a  thick  dark  brown 
sludge  had  been  deposited  on  both  the  wire  and  cylinder  surfaces.  This  sludge  was  never 
completely  soluble  in  any  of  the  solvents  used  to  prepare  it  for  chemical  analysis  using  gas 
chromatography  or  supercritical  fluid  (SFC)  chromatography,  including  hexane,  acetone,  THF  or 
methylene  choride.  The  material  that  was  solvated  was  chemically  homogeneous  and  consistent 
with  GC  data  for  PAO.  The  GC  and  SFC  peaks  were  primarily  those  of  the  solvent  due  to  the 
low  sludge  solubility. 

This  result,  combined  with  the  low  particulate  content  in  PAO  required  to  meet  military 
specifications,  suggests  that  the  sludge  is  an  electrically  induced  oxidation  product.  The  physical 
appearance  of  the  sludge  closely  resembled  that  of  thermally  oxidation  products.  Given  the  low 
solubility  of  the  buildup  and  GC  data,  the  sludge  appears  to  be  “coke”  from  nearly  complete 
oxidation  of  the  PAO.  This  coke  buildup  on  the  surface  of  the  electrode  might  have  a 
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detrimental  effect  on  the  EHD  enhancement  performance.  No  known  study  has  investigated  the 
role  of  localized  oxidation  buildup  at  the  electrodes  on  EHD  flows. 

Thermal  oxidation  analysis  on  transformer  oils,  which  are  frequently  exposed  to 
electrohydrod)maniic  effects,  has  been  completed  by  at  least  one  author  (Lamarre  et  al.,  1987).  It 
would  be  expected  that  electrical  oxidation  would  exhibit  similar  results  to  the  thermal  oxidation 
case.  Lamarre  et  al.,  foimd  that  the  dielectric  constant  and  conductivity  of  mineral  oils  were  a 
variable  of  the  dissolved-copper,  peroxide,  and  soluble  acidity  contents.  Based  on  their  analysis 
of  the  sludge  and  the  fluid  electrical  properties  as  oxidation  progressed,  the  authors  concluded 
that  changes  in  electrical  properties  occurred  after  the  antioxidant  was  completely  neutralized  and 
sludge  formation  became  significant.  The  acidity  of  the  oil  increased  significantly  as  the  sludge 
formed. 

This  result  suggests  that  the  use  of  an  acidity  test,  for  example  ASTM  D974,  should  be  used  to 
infer  the  buildup  of  sludge  over  time  due  to  EHD  exposure.  Using  the  samples  taken  from  the 
EHD-exposed  PAO,  AFRL/MLBT  tested  for  acid  number  and  used  fixed  path-length  IR 
spectroscopy  to  determine  if  the  antioxidant  had  been  depleted.  The  acid  number  was  zero  for 
both  the  unexposed  and  200  hour  exposure  samples.  The  IR  spectra  are  shown  in  Figure  8.  The 
antioxidant  peak  is  at  approximately  3800  cm-1  and  no  change  in  the  area  of  the  peak  is  observed, 
suggesting  that  there  is  no  significant  antioxidant  depletion  in  the  bulk.  Combined  with  the  acid 
number  data,  these  results  suggest  that  the  oxidation  is  localized  near  the  electrode  surface.  This 
highly  localized  behavior  will  make  monitoring  of  the  sludge  buildup  at  the  electrode  a  difficult 
task. 
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Figure  8:  PAO  GC  Results  -  Check  for  Antioxidant  Depletion 


5.  Conclusions 

This  work  demonstrated  that  EHD  enhancement  has  some  effect  on  two  aviation  working  fluids. 
Although  bulk  fluid  properties  remained  unchanged  due  to  exposure  to  the  intense  electrical  field, 
there  were  localized  changes  at  the  electrode  surface.  Although  heat  transfer  performance  was 
not  examined,  it  would  be  expected  that  these  changes  would  affect  the  overall  system 
performance.  It  is  also  likely  that  these  effects  would  be  observed  in  other  working  fluids  than 
the  ones  tested  here. 

An  implication  of  the  test  results  is  that  water  content  must  be  very  tightly  controlled  within  an 
EHD-enhanced  system.  A  desiccant  filter  will  be  required  to  prevent  large  increases  in  electrical 
conductivity  due  to  water  content.  Increased  conductivity  will  act  to  decrease  the  EHD  effect  and 
increase  power  consumption  (overall  current  will  be  increased).  Very  high  water  or  other 
impurity  content  could  result  in  a  short-circuit  which  would  prevent  the  use  of  EHD  altogether. 

It  is  possible  that  there  are  measurable  metal  content  changes  that  affect  the  EHD  performance.  It 
would  be  ideal  to  use  an  atomic  absorption  unit  that  can  examine  the  content  of  multiple  metals  at 
a  time.  Significant  changes  in  metal  content  would  provide  insight  into  specific  metal-liquid 
interactions  that  would  impact  heat  transfer  performance. 


6.  Recommendations 
6.1  Future  Work 

This  work  showed  that  fluid  changes  are  localized  and  helped  to  refine  the  chemical  analysis  tool 
kit  that  will  make  future  testing  more  insightful.  Experimental  variables  need  to  be  more  tightly 
controlled  to  accurately  assess  what  changes  are  due  to  EHD.  Unfortunately,  the  primary  question 
of  what  the  impact  of  EHD  is  on  aviation  working  fluids  has  not  been  completely  answered.  The 
impact  of  the  observed  changes  in  bulk  fluid  electrical  properties  on  the  heat  transfer  performance 
also  remains  unresolved.  A  future  test  should  incorporate  the  following: 

■  Identical  batches  of  working  fluid  should  be  used  for  both  the  control  and  the  exposed  tests. 
Ideally  the  two  tests  would  be  run  in  parallel  using  identical  equipment. 

■  All  parts  of  the  test  loop  that  contact  the  fluid  should  be  well-characterized  meticulously 
cleaned  and  baked. 

■  Use  a  constant  heat  flux  and  voltage  and  monitor  enhancement  continuously. 

■  Measure  current  using  a  picoammeter  before  each  fluid  sampling  or  continuously. 

■  The  fluid  should  be  desiccated  using  a  method  for  transformer  oils  (freezing  and  vacuum, 
desiccant) 

■  A  desiccant  of  known  composition  should  be  incorporated  into  the  test  loop. 

■  Fluid  samples  should  be  examined  for  moisture  content  immediately  after  sampling. 

■  Fluid  samples  should  be  analyzed  using  GC  (for  organic  chemistry  changes)  and  atomic 
absorption  (for  a  variety  of  metals). 

■  The  electrode  and  tube  surfaces  should  be  thoroughly  characterized  prior  to  testing  using  a 
variety  of  surface  chemistry  tools  (XPS,  Auger)  and  after  exposure  using  the  same  tools. 

■  Other  advanced  monitoring  tools  should  be  considered: 

■  Use  of  an  in  situ  spectroscopic  method  such  as  Mossbauer  spectroscopy  would  allow  real 
time  analysis  of  the  changes  locally  at  the  electrode-fluid  interface,  but  integrating  such  a 
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system  into  a  high  voltage  test  article  would  present  significant  technical  and  cost 
challenges. 

■  Use  of  an  electro-optic  Kerr  cell  could  provide  real  time  visualization  of  changes  in 

electric  field  and  charge  distribution  of  the  working  fluid,  from  which  changes  at  the 
electrode  surface  might  be  inferred. 

A  test  incorporating  these  suggestions  should  be  able  to  better  characterize  any  chemical  changes 
that  occur  due  to  EHD  exposure.  The  test  would  take  a  minimum  of  5  weeks  to  run,  but  a  longer 
exposure  period,  on  the  order  of  three  to  six  months  would  be  more  realistic.  This  test  is  beyond 
the  scope  of  this  effort,  and  the  suggested  work  will  need  to  be  completed  by  academia  or 
industry. 


6.2  Recommendations  for  a  fielded  EHD  system 

This  work  has  demonstrated  that  the  EHD  technique  may  cause  local  fluid  oxidation  at  the 
charged  electrode  surface.  For  a  “real-world”  system,  this  problem  can  be  tackled  in  several 
ways. 

■  Decrease  the  amount  of  oxygen  in  the  working  fluid 

■  Increase  the  antioxidant  in  the  working  fluid.  PAO  already  contains  an  antioxidant 
(intended  to  improve  storage  life),  and  it  would  be  easy  to  implement  an  additive  for  a 
refill  (much  like  the  JP8+100  additive  for  fuel)  that  would  not  require  a  new  specification 
or  cause  substantial  logistics  problems.  The  downside  of  this  solution  is  that  it  might 
affect  the  EHD  performance  (increased  antioxidant  content  might  change  the  electrical 
properties)  and  would  need  to  be  experimentally  characterized. 

■  Use  an  inert  gas  or  nitrogen  blanket  in  the  fluid  reservoir. 

■  Water  content  is  a  critical  variable  for  EHD  systems.  The  water  content  could  most  easily  be 
controlled  using  an  in-line  desiccant/filter  unit  like  those  seen  on  air-conditioning  systems. 
This  unit  would  need  to  be  periodically  changed.  The  resulting  pressure  drop  penalty  would 
need  to  be  accounted  for  in  a  system-level  analysis  to  determine  if  the  EHD  option  is  feasible. 

Overall,  it  appears  that  cleanliness  and  fluid  handling  methods  similar  to  those  used  for  high 
voltage  transformer  oils  will  need  to  implemented  in  the  field/depot  if  this  heat  transfer 
enhancement  method  is  employed  in  a  serviceable  system.  Due  to  the  sensitivity  of  EHD  heat 
transfer  enhancement  performance  to  both  oxygen  and  water  content,  an  EHD-enhanced  heat 
transfer  system  will  be  better  implemented  as  a  sealed  unit  that  is  not  serviced  but  just  replaced  at 
the  logistics  centers. 
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